We describe the stabilization by pressure of enzymes, including a hydrogenase from Methanococcus jannaschii, an extremely thermophilic deep-sea methanogen. This is the first published report of proteins from thermophiles being stabilized by pressure. Inactivation studies of partially purified hydrogenases from an extreme thermophile (Methanococcus igneus), a moderate thermophile (Methanococcus thermolithotrophicus), and a mesophile (Methanococcus maripaludis), all from shallow marine sites, show that pressure stabilization is not unique to enzymes isolated from high-pressure environments. These studies suggest that pressure stabilization of an enzyme may be related to its thermophilicity. Further experiments comparing the effects of increased pressure on the stability of ft-glucosidases from the hyperthermophile Pyrococcus furiosus and Saccharomyces cerevisiae support this possibility. We have also examined pressure effects on several highly homologous glyceraldehyde-3-phosphate dehydrogenases from mesophilic and thermophilic sources and a rubredoxin from P. furiosus. The results suggest that hydrophobic interactions, which have been implicated in the stabilization of many thermophilic proteins, contribute to the pressure stabilization of enzymes from thermophiles.
Since the early report by Eyring and Magee (6) that luciferase is stabilized by pressure, few additional examples of enzyme stabilization by pressure have appeared (26) . Indeed, high pressure is typically viewed as a denaturant and has thus been used in several denaturation studies (17, 34, 39) . Most of this work has focused on relatively high pressures from a biological standpoint (300 to 500 MPa). In addition, previous studies have dealt almost exclusively with enzymes from mesophilic organisms. However, the discovery of life near deepsea hydrothermal vents raises the question of whether enzymes from deep-sea thermophiles respond differently to moderately high pressures than do enzymes from mesophilic organisms.
Methanococcus jannaschii is a thermophilic methanogen originally isolated from the vicinity of a deep-sea hydrothermal vent at a depth of ca. 2,600 m (19) . Deep-sea hydrothermal vents, typically having temperatures as high as 350°C and pressures from 20 to 30 MPa, represent one of the most extreme environments in which life has been found (18, 21) . In previous studies at high temperatures and hyperbaric pressures of helium, methanogenesis and growth of M. jannaschii at both 86 and 90°C were accelerated by pressure up to 76.0 MPa. Moreover, the high-temperature limit for methanogenesis was increased by pressure from 94°C at 0.8 MPa to 98°C at 25.3 MPa (28) . The activity of hydrogenase in crude extracts of M. jannaschii was also enhanced by pressure, increasing about threefold when the pressure was increased from ca. 0.8 MPa to 25.3 MPa (27) . These findings are quite unusual and raise the question of how pressure affects the thermal stability of enzymes from M. jannaschii and other marine thermophiles.
In this study, the inactivation of a partially purified hydrogenase from M. jannaschii was examined in a high-temperature, high-pressure bioreactor. The effect of pressure on the stability of hydrogenases from another extreme thermophile (Methanococcus igneus), a moderate thermophile (Methano-coccus thermolithotrophicus), and a mesophile (Methanococcus maripaludis), all isolated from shallow marine sites, was also investigated. These initial experiments addressed the question of whether pressure stabilization is more pronounced for enzymes isolated from high-pressure sources. It should be noted, however, that organisms isolated from shallow water environments may also normally reside in deep-sea sites.
In addition, possible relationships between pressure stabilization and structural features related to thermostability were explored for multimeric and monomeric enzymes. Glyceraldehyde-3-phosphate dehydrogenases (GAPDHs) from several mesophilic and thermophilic sources, cx-glucosidases from the hyperthermophile Pyrococcus furiosus and the mesophile Saccharomyces cerevisiae, and a rubredoxin from the hyperthermophile P. furiosus served as model proteins for pressure stability studies.
MATERIALS AND METHODS
M. igneus, M. jannaschii, M. thermolithotrophicus, and M. maripaludis were grown in an anaerobic, high-temperature fermentor at their optimal growth temperatures. These organisms were grown in artificial seawater medium with a continuous anaerobic gas phase of 20% CO2 and 80% H2 (36) . Titanium chelated with nitrilotriacetic acid (29) was added to the medium as a reductant. M. igneus was grown in seleniumfree medium to prevent cross-contamination with M. jannaschii (2). M. maripaludis was unable to grow in media containing Na2S203 and 1-mercaptoethanol but instead grew in media containing Na2S and cysteine-HCl (20 (36) . The F420-nonreactive hydrogenases from M. jannaschii, M. igneus, and M. thermolithotrophicus were purified 18.5-, 12.5-, and 48.3-fold, respectively. Purity of the F420-nonreactive hydrogenase with respect to the F420J-reactive hydrogenase was verified by testing for activity with F420 as the electron acceptor. M. maripaludis did not possess an F420-nonreactive hydrogenase. The F420-reactive hydrogenase from M. maripaltudis was purified 11-fold by using a procedure similar to that used for the F420-nonreactive hydrogenases.
Hydrogenase activity was measured in assay solutions containing 2 mM methyl viologen and 2 mM,B-mercaptoethanol in 50 mM EPPS (pH 7.5). Assays were performed in anaerobic tubes containing 3.0 ml of anaerobic assay solution pressurized to 30 lb/in2 with anaerobic hydrogen. Assay tubes were preheated in a water bath at the assay temperature for 15 min.
Reactions were initiated by injecting 300 [1I of reactivated, anaerobic enzyme solution into the assay tube. The rate of reduction of methyl viologen was determined by monitoring the increase in A578 (extinction coefficient at 578 nm [8578] = 9.7 mM-' cm-') with a Beckman (Palo Alto, Calif.) model DU-6 spectrophotometer. The temperature of the spectrophotometer-cell block was controlled by a circulating water bath for temperatures below 50°C. At temperatures above 50°C, a copper cell block heated by an electric cartridge heater (Rama Corp., San Jacinto, Calif.) was used to control the assay temperature. The temperature of the cell block was measured directly by a thermocouple embedded in the block and controlled by a proportional-integral-derivative controller (Fuji Electric Co., Tokyo, Japan). Assays were performed at 70°C for hydrogenases from M. igneus and M. jannaschii, at 50°C for the hydrogenase from M. thermolithotrophicus, and at 40°C for the hydrogenase from M. maripaludis.
The ox-glucosidase from Saccharomyces cerevisiae (type VI) and p-nitrophenyl-3-D-glucoside (PNPG) were purchased from Sigma Chemical Co. The ox-glucosidase from P. fuirioslus was a gift from S. Brown and R. M. Kelly and was electrophoretically pure. Assays for ox-glucosidase activity were performed in 50 mM bis-Tris propane (pH 6.8) containing 10 mM PNPG. The rate of hydrolysis of PNPG was determined by measuring the change in A405. The assay procedure was identical to that used for hydrogenase except that the headspace of the assay tubes was not purged with hydrogen. Assays for ox-glucosidase from S. cerevisiae were performed at 25°C (8405 = 1.10), while assays for ox-glucosidase from P. furiosus were performed at 90°C (4405 = 4.90).
GAPDH from pig, GAPDH from Bacillus stearothermophilus, NAD+, glyceraldehyde-3-phosphate, and K,AsO4 were purchased from Sigma. All GAPDH samples were exhaustively dialyzed against 5 mM dithiothreitol in 50 mM Tris-HCl (pH 8.0). The GAPDH from Thermotoga maritima was purified from cells grown in a high-temperature fermentor. Cell extract was prepared by lysing cells with a French press and removing cell debris by centrifugation. The GAPDH was purified from the cell extract by anion-exchange chromatography on a Whatman DE-52 column in 50 mM Tris-HCl; ammonium sulfate precipitation (cut taken from 60 to 90% ammonium sulfate) and dialysis against 5 mM dithiothreitol in 50 mM Tris-HCl (pH 8.0) followed. The GAPDH was purified 44.6-fold after precipitation. The rubredoxin purified from P. futriosus was a gift from M. W. W. Adams.
The assay solution for GAPDH consisted of 2 mM NAD', 3 mM glyceraldehyde 3-phosphate, 10 mM K2AsO4, and 5 mM dithiothreitol in 50 mM Tris-HCl (pH 8.0). The reduction of NAD+ was monitored by observing the increase in A340 (8340 = 6.22 mM ' cm -'). Assays were performed as described for hydrogenase except that the headspace of the assay tubes was not purged with hydrogen. GAPDH activities were measured at 40°C for GAPDH from pig and at 50°C for B. stearothermophilus and T maritima enzymes.
Pressure stability studies were performed by using the high-pressure, high-temperature bioreactor shown in Fig. 1 . High-pressure enzymatic assays in a similar reactor have been described previously (27) . The bioreactor is constructed of stainless steel type 316 and has an internal volume of about 10 ml. The reactor was pressurized with oxygen-free helium compressed with a pneumatic compressor. The pressure was controlled with a manually operated pressure generator (High Pressure Inc., Erie, Pa.). The reactor and the reservoir holding the pressurizing gas are enclosed in a forced-air oven (Blue M Corp., Blue Island, Ill.) that affords temperature control to within 0.10C. All tubing and fittings (High Pressure Inc.) are constructed of stainless steel type 316. The liquid in the high-pressure reactor was agitated by a magnetic stir bar driven by a water-powered magnetic stirrer.
The incubation buffer and pressurizing gas were allowed to equilibrate to the desired temperature and pressure before each trial. Inactivation was initiated by decompressing the reactor and injecting the enzyme solution at ambient pressure into the preheated incubation buffer. A 1-ml aliquot of preheated incubation buffer was injected after the enzyme solution to ensure that all of the enzyme had entered the reactor. The reactor was rapidly pressurized by using the preheated helium from the gas reservoir. A small amount of liquid was removed from the reactor to purge the sample line between the reactor and outlet before the first sample was taken. Samples were withdrawn from the reactor at time intervals and assayed at ambient pressure and the temperatures indicated previously to determine the residual enzyme activity. Care was taken to prevent foaming and agitation during sampling. In addition, it should be noted that detrimental effects of high-pressure sampling on enzyme stability would increase the actual degree of pressure stabilization compared with that which is reported.
In the case of rubredoxin, the amount of active enzyme remaining in the reactor at any given time was determined by measuring changes in the visible absorbance. The UV-visible spectrum of the oxidized rubredoxin exhibited absorption maxima with the following extinction coefficients: 8280 = 25.6 mM-cm -,E3() = 10.7mM-' cm-',andE494 = 9.22mM' cm-' (1). The inactivation of rubredoxin from several other sources has been measured by using a similar technique (33) .
The experimental procedure for inactivation trials was essentially identical for all enzymes. EPPS and Tris were routinely used as buffers for high-pressure experiments because of their small volume changes for protonation (30) . Pressure changes on the order of 50.7 MPa have a negligible effect on the pK,s of these buffers (for Tris, ApKJ/50.7 MPa = -0.04; for EPPS, ApK,1/50.7 MPa = -0.10).
Inactivation experiments for the hydrogenases were carried out in 50 mM EPPS (pH 7.5) containing 2 mM 3-mercaptoethanol, 50 p.M methyl viologen, and 10 p.g of bovine serum albumin per ml. Inactivation was studied at 90°C for hydrogenases from M. jannaschii and M. igneus and at 70°C for hydrogenase from M. thermolithotrophicus. pKY with temperature. Pressure stability studies for a-glucosidase were performed in 50 mM bis-Tris propane (pH 6.8) with 250 puM PNPG. The oa-glucosidase from S. cerevisiae was incubated at 45°C, and the ot-glucosidase from P. furiosus was incubated at 110°C. For GAPDH, the incubation buffer was 50 mM Tris-HCI (pH 8.0) with 100 p.M NAD+ and 2 mM 3-mercaptoethanol. Enzyme was incubated under anaerobic conditions to prevent oxidation of the active-site cysteine. Inactivation of rubredoxin was carried out in 50 mM Tris-HCl (pH 7.0) at 110°C. The presence of 3-mercaptoethanol had no influence on the rate of inactivation of rubredoxin. Low protein concentrations (<200 pLg of total protein per ml) were used in all inactivation experiments to minimize irreversible inactivation by aggregation.
The temperatures for inactivation studies were chosen by considering the reversible unfolding behavior of each enzyme. Inactivation rates measured at temperatures where the enzyme is completely unfolded will be independent of reversible unfolding mechanisms; therefore, inactivation was studied at temperatures where the enzymes were only partially unfolded. Whenever possible, temperatures were based on melting profiles calculated from temperature-activity curves for each enzyme (11) . At these temperatures, KRD (KRD = [denatured enzyme]/[native enzyme]) was of order unity, and the inactivation rate was influenced by reversible unfolding of the enzyme.
RESULTS
Inactivation of partially purified F420-nonreactive hydrogenase from M. jannaschii was carried out in a high-temperature, high-pressure bioreactor. An increase in pressure from 1.0 to 50.7 MPa increased the half-life of the hydrogenase at 90°C by about 400%, as shown in Fig. 2 . Similar experiments were performed with partially purified hydrogenases from methanococcii isolated from different environments. These organisms were isolated from low-pressure habitats and had different optimum growth temperatures as summarized in the second column of Table 1 (2, 15, 20) .
The temperature-activity profiles for the hydrogenases from M. jannaschii, M. igneus, M. thermolithotrophicus, and M. maripaludis are shown in Fig. 3 . The activity-temperature curves were used to estimate the melting profiles for each partially purified hydrogenase (11) . The melting profiles predicted from activity-temperature data may differ from those determined by using other techniques. The estimated melting profiles did, however, serve as a useful tool for selecting the temperatures at which inactivation experiments were performed.
The effect of pressure on the stability of the hydrogenases from the four methanococci are summarized in pi*~-, in. rr-ui tput"uta.
should help us determine whether the correlation between )aring the effects of increased pressure on other thermostability and pressure stabilization is a more general ed enzymes from thermophiles and mesophiles phenomenon. To this end, we compared the effect of increased pressure on the stability of cx-glucosidases from the hyperthermophilic archaeon P. furiosus and the yeast S. cerevisiae. P. furiosus was isolated from shallow solfataric muds near Vol-6's\ )cano Island, Italy, and has an optimum growth temperature of about 100°C (7). The ox-glucosidase from P. furiosus has been .P tQ, 2 / ; \ purified and characterized previously (3). Inactivation profiles , for the two ox-glucosidases are shown in Fig. 4 (36) .
s-loop sequences (31) was plotted against the growth temper- ature of the source organism (Fig. 5) . The hydrophobic transfer free energy reflects the unfavorable energy associated with transfer of a hydrophobic molecule from a hydrophobic to an aqueous phase. The transfer process in the hydrophobicity model is representative of the exposure of the hydrophobic interior amino acids of a protein to the aqueous phase during protein unfolding. Because a more-positive transfer free energy indicates an increase in hydrophobicity, Fig. 5 demonstrates that there is a correlation between increased hydrophobicity of the s-loop and the growth temperature of the organisms and, presumably, the thermostability of their GAPDHs.
Inactivation experiments with GAPDH from a mesophilic source, pig muscle, showed substantial destabilization by increased pressure. Inactivation trajectories appeared to shift from first order at 1.0 MPa to either second order or biphasic at 50.7 MPa (data not shown). Inactivation of GAPDH from B. stearothermophilus was slightly diminished by increased pressure, whereas GAPDH from 1. maritima was stabilized by increased pressure.
The results of the inactivation studies are summarized in Fig.  6 as a plot of the inactivation ratio versus transfer free energy for the s-loop from each GAPDH. Inactivation ratios are ratios of the time at which 50% activity remains at 50.7 MPa to that at 1.0 MPa. A ratio of less than 1.0 indicates that pressure destabilizes the enzyme; a ratio greater than 1.0 indicates a stabilizing effect. Half-lives were not used in this case because the inactivation trajectories clearly differed from first-order kinetics in some cases.
Finally, inactivation of the rubredoxin from P. furiosus at 110°C was studied. The UV-visible spectra of rubredoxin samples removed from the high-pressure reactor at various times were monitored to determine the extent of rubredoxin inactivation. As shown in Fig. 7 , the A494 decreased with time because of disruption of the [Fe-4S] cluster, and this process was accelerated by increasing the pressure to 50.7 MPa. 
DISCUSSION
Previous studies of pressure effects on enzyme stability have focused on enzymes from mesophilic sources and have almost invariably found that pressure acts as a denaturing agent. The observation that pressure has a substantial stabilizing effect on the F420-nonreactive hydrogenase from M. jannaschii is contrary to these previous findings. M. jannaschii was isolated originally from deep-sea samples obtained from a depth of approximately 2,600 m, which corresponds to a hydrostatic pressure of 26.3 MPa (19) . Thus, one question we posed is whether pressure stabilization is unique to enzymes isolated from organisms which grow in high-pressure environments. M. igneus was originally isolated from water samples taken from a shallow (100-m) hydrothermal vent site off the coast of Iceland (2) . The pressure stabilization of hydrogenase from M. igneus ignielus was isolated from a shallow-sea location does not exclude the possibility that this organism may also exist in deep-sea environments.
Although the hydrogenases used in the stability experiments were not electrophoretically pure, low protein concentrations (<100 pg/ml) were used in all trials to minimize nonspecific protein-protein interactions. However, the possibility that specific protein interactions were affected by pressure and thereby influenced hydrogenase stability cannot be discounted. Moreover, subsequent pressure-stability experiments were performed with electrophoretically pure o-glucosidases and GAPDHs to determine whether pressure stabilization could be observed for other, pure proteins.
The observed stabilization of the thermophilic ox-glucosidase by increased pressure is consistent with the results obtained for hydrogenases. However, the increase in the half-life for ux-glucosidase was relatively small compared with the large stabilizing effect observed for hydrogenases from M. janniaschii and M. igneuis.
One enzyme that has received considerable attention in structural comparisons of thermophilic and mesophilic enzymes is GAPDH. GAPDH is a tetrameric enzyme composed of identical subunits, each having a molecular mass of ca. 36 kDa (10) . Each subunit consists of two domains. Residues 1 to 149 are involved in binding of NAD+; each subunit binds one NAD+ molecule. Residues 149 to 334 represent the catalytic domain. As mentioned previously, the catalytic domain contains a region known as the s-loop which is involved in intersubunit interactions to form the core of the tetramer.
The amino acid sequences of the GAPDHs from lobster (5), pig (9) , S. cerevisiae (14) , and the thermophiles B. stearothermophillus (37) , T aqluaticus (13) , and T maritima display an unusually high degree of homology (35) . The GAPDH from B. stearothermophilius shows the following percent homologies with other GAPDHs: pig, 53%C; lobster, 52Cc; T aqaiaticius, 60% (24); and T. maritima, 63Cc (35) . This high degree of homology is common among GAPDHs from eukaryotic and eubacterial sources. The X-ray crystal structures of GAPDHs from both thermophilic and mesophilic sources have been determined (13, 38) .
The remarkable homology of GAPDHs over a wide range of thermal stabilities makes this enzyme very attractive for studying possible mechanisms of increased thermostability (25) . Inactivation experiments on GAPDHs from several sources have indicated that subunit dissociation accompanies the loss of enzymatic activity (23) . In addition, subunits showed little unfolding during inactivation, suggesting that subunit dissociation was the main cause of activity loss. The observed importance of subunit dissociation in the inactivation process for GAPDH supports the hypothesis that the structure of the s-loop is critical in determining the thermostability of the enzyme.
The effect of pressure on the stability of the GAPDHs from pig muscle, the moderate thermophile B. stearothermophilus, and the extreme thermophile T. maritinia is summarized in Fig.  6 . The results suggest that there may be a relationship between pressure stabilization and the hydrophobicity of the s-loop region which is critical in maintaining enzyme stability.
Rubredoxin is a small electron transport protein which is an excellent model for structure-stability studies because of its small size (ca. 53 residues) and ubiquitous nature. X-ray crystal structures are available for rubredoxins from several mesophilic and moderately thermophilic organisms. Moreover, the amino acid sequence of rubredoxin from the hyperthermophile P. fuiriosius was recently determined and is highly homologous to the sequences of rubredoxins from mesophilic sources (1) . Analysis of the secondary structure using 'H nuclear magnetic resonance indicated that additional electrostatic interactions on the surface of P. furiosus rubredoxin may increase its thermostability (1) . Unlike other proteins from thermophilic organisms, the rubredoxin from P. fuiriosius was destabilized by pressure as shown in Fig. 7 . A possible explanation for the varying effects of pressure on these proteins can be reached by considering a simple model for enzyme inactivation and how pressure may affect inactivation rates.
The classic model of enzyme inactivation involves an initial equilibrium step where the enzyme undergoes cooperative unfolding to a reversibly denatured state, followed by irreversible inactivation:
where N is the native enzyme and D is the reversibly denatured enzyme. The equilibrium unfolding step is described by the
, while the irreversiblc step is described by the rate constant k. The model for enzyme inactivation presented in equation I is simplistic given the assumptions of one distinct revcrsibly unfolded state and a single first-order irreversible inactivation step. Indeed, many enzymes exhibit multiple species during reversible unfolding (4). This model is, however, useful for discussing theoretical aspects of enzyme stability. A comparison of deamidation rates in short peptides and native proteins suggests that proteins do indeed reversibly unfold before proceeding through irreversible inactivation (40) .
In the inactivation experiments described here, samples were removed from the denaturing, high-temperature environment of the high-pressure reactor and assayed at conditions where the enzyme was stable. Under these circumstances, the reversibly denatured enzyme will refold back to the nativc, active state. The overall rate constant for inactivation, k0BS, will thus depend on both KMD and k according to the following equation (41) 
where P is pressure, R is the gas constant, and T is tempcra- 
